L-type calcium channels mediate long-lasting c:1l-cium currents in response to membrane depolarization and playa key role in a number of cellular processes including the initiation of contraction in cardiac and skeletal muscle, the secretion of hormones and neurotransmitters, and a number of intracellular events that are regulated by calcium. These channels are most abundant in skeletal muscle where they are lacalized to the transverse tubule membrane, and hence. this tissue has been the principal source for biochemical studies of the channel. The most prevalent form of the rabbit skeletal muscle L-type calcium channel is a complex of five subunits (reviewed in Campbell et al., 1988 : Catterall et aL 1988 : Glossmann and Striessnig. 1990 Catterall, 1991 ) , i.e.. a 193-kDa a 1 subunit. a 55-kDa{3 subunit, a 30-kDa y subunit, and a 143-kDa a2 subunit that is disulfide-bonded to the b subunits of 24-27 kDa. The primary structures of all of these subunits have been defined (Tanabe et aL 1987; Ellis t al., 1988; Ruth ~t aL 1989; De Jongh et aL 1990 : Jay et al., 1990 and expression studies indicated th:lt the a 1 subunit alone is sufficient to torm a functional ion channel ( Perez-Reyes et aL 1989) . The a 1 and 13 subunits are the targets for phosphorylation by cyclic AMP (cAMP)-dependent protein kinase (Curtis and Catterall, 1985; Hosey et al., 1986 : Takahashi et al., 1987 and it is well established that flux through the channel is substantially regulated by phosphorylation in vitro (F1ockerzi et al., 1986 (F1ockerzi et al., : Hymel et al., 1988 Nunoki et al., 1989) and in intact skeletal muscle cells (Sculptoreanu et al., 1993) .
We have previously demonstrated the existence of two size forms of the a I subunit in purified preparations of skeletal muscle calcium channels, transverse tubule membranes, and intact skeletal muscle cells in culture (De Jongh et al., 1989; Lai et al.. 1990 ). The minor form. a1212, has an apparent molecular mass of 214 kDa and corresponds to the expected size of the a I subunit predicted from its cDNA sequence. The major form, designated a 1190, has an apparent molecular mass of 193 kDa and antibody mapping indicated this form is truncated at the C-terminus between residues 1.685 and 1.699 of the full-Iength form (De Jongh et al.. 1991) . Although both forms of the al subunit are phosphorylated by cAMP-dependent protein kinase. further studies indicated a major site for phosphorylation by this kinase on the C-terminus of al212 (serine 1,854: Rotman et al., 1992) . Phosphorylation at this site may playa central role in the regulation of calcium channel function by cAMP-dependent phosphorylation (Rotman et al., 1992) and thereby lead to differential regulation of calcium channels containing al~11 vs. all90.
Two studies ( Belles et al.. 1988a : Romanin et al.. 1991 have suggested that degradation by the calciumctivated neutral protease calpain is physiologically important tor the regulation of calcium currents. Thẽ ctivity of calpain is linked to physiological fluctua-tions of intracellular calcium concentrations ( reviewed in Croall and Demanino. 1991: Melloni and Pontremoli. 1991 ( Wang et al.. 1989 : Johnson. 1990 ). In addition. it has been suggested that calpain may playa role in protein turnover ( Croall and Demartino. 1991 ) and Siman and Noszek ( 1988) suggested that this may be important in modification of neuronal morphology.
In this study we have examined the proteolysis of the carboxy terminal region of the rabbit skeletal muscle L-type calcium channel a I subunit by calpain to assess whether calcium channels containing a 1191) and a 1212 are differentially sensitive to proteolysis by this enzyme.
microtiter plates with wells coated with 0.5 /.Lg peptide according to Posnett et al. ( 1988) . For antibodies against CP-( 1.573-1.587) and CP-( 1.601-1.618\. IgG fractions were isolated by affinity chromatography on protein A-Sepharose. .vith the final volume of IgG being three times that of the ,erum from which it was purified. Antibodies against CP-(1.692-1.707).
CP-(1.738-1.752), and CP-(1.857-1.873) were affinity purified on 1.5-ml columns containing 2 /.Lmol peptide that had been coupled to CNBr-activated Sepharose. .\fter binding 2.0 ml of serum to the columns overnight at -+cC and wa;hing with 20 mM Tris/0.15 M NaCI. pH 7.-+ (TBS). bound IgG was eluted with 5.01\1 MgCll and dialyzed against TBS in a Centriprep-30 (Arniconl to a final volume of 2.0 ml.
MA TERIALS AND METHODS

Phosphorylati9n
and immunoprecipitation of calcium channels
The standard reaction mixture tor phosphorylation of calcium channels contained 50 pmol purified calcium channels. 50 mM Tris (pH 7 .~ ). 10 mM MgCI2 , 10 mM fJ-mercaptoethanol. 0.56 ,uM [ y-'2P] A TP ( 1.000-3.000 Ci/mmol). and protease inhibitors as outlined above. The reaction. initiated by the addition of I ,I.Lg catalytic subunit of cAMP-dependent protein kinase, was pertormed at 37°C for 30 min and stopped by the addition of 20 mM EDT A. Bovine serum albumin (5 mg/ml) was added and unbound [y-'2p]ATP was removed by centrifugation through 2-ml Sephadex G-50 columns equilibrated with bRIA (25 mM Tris. 75 mM NaCI. 5 InM EDTA. 50 mM KF. 20 mM sodium pyrophosphate. pH 7.-+) containing 0.1'10 (wtlvol) digitonin. Phosphorylated channel <0.5 or 5.0 pmol) ( >80% trichloroacetic acid precipitable cpm) was incubated with antibody in bRIA containing l'7c (voUvol) Triton X-I00 and I mgJml bovine serum albumin at -+oC for 4-16 h. The antig~n-antibody complexes were adsorbed to 5 mg protein A-Sepharose and washed four times with bRIA containing l'7c (voUvol) Triton X-100 and I mg/ml bovine serum albumin. and twice with bRIA. The pellets were incubated at 65°C in sodium dodecvi sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for 15 min before electrophoresis.
PAGE and immunoblotting SDS-P AGE was pertormed according to Laemmli ( 1970) under reducing conditions. Unstained molecular weight markers were stained with Ponceau S on nitrocellulose membranes (Aebersold et al.. 1987) for Fergus"n analysis ( Ferguson. 1964 ). For other experiments. commercial prestained molecular weight markers were used. Electroblotting to nitrocellulose membranes was performed in a Bio-Rad Mini Protean apparatus for 75 min at 100 V with 25 mM Trisl 192 mi\;[ glycinel200/r < vol/vol ) methanol. pH 8.-,. as the transfer buffer. Unbound sites were blocked for 2 h at room tt:mperature with 100/r (wt/vol) skim milk powder in TBS. \t!embranes were then incubated with antibodies in blocking huffer overnight at 4"C. followed by six 5-min washes with TBS/0.050/r Tween 20. Immunoreactive bands were visualized usillg the Amersham ECL western blotting detection ,ystem \vith horseradish peroxidase-linked protein A as the affinity reagent.
Calpain digestion
Calpain digestion of puritied calcium channels \vas per-I()rmed in a total.volume ()f 65 J11 at 25°C at the indicated concentrations of calpain t()r the times indicated. Digestion was ill the presence of 20 mM dithiothreitol. 50 mi\l! Tris.
:\Ilaterials Calcium channels were puriried by chromatography on wheat genn aggJutinin-Sepharose and DEAE-cellulose <Cur-tis and Catterall. 1984 ) from skeletal muscle microsomes that were prepared according to Femandez et al. ( 1980) . All buffers contained the tollowing protease inhibitors: phenylmethylsulfonyl fluoride (0.1 mM). leupeptin <2 /lM); pepo;tatin A ( J J1;v/ ). antipain ( 1.6 Jii\1 ). and o-phenanthroline (0.9 mM). The picomoles of purified calcium channel were estimated by assuming a molecular mass of 429 kDa for the channel complex.
Human er)'throcyte calpain I was puriried as described previously ( Wang et al.. 1988a.b ) . The speciric activity using casein as a substrate ( Wang et al.. 1988a ) was 0.11-0.14 U/Jig. Rabbit skeletal muscle calpain II was purchased from Sigma <Kawashima et al .. 1984) and funher puriried using '-hexylamine as described for calpain I (Wang et at.. 1988a .. 1987 ). Peptides were puntied by reverse-pha$e HPLC on a Waters DeltaPak C 18 column ( 25 X ~OO mm. 15 Jim. 300 A) and their identities \'-'ere -:onfirmed by amino acid analysis.
Antisera against the peptides \vere prepared as outlined previously ( Gordon et al.. 1987) . The production of antibodies was tested by enzyme-Iinked immunosorbent assay usin~, ,{ ".I. ,V" " /<}<}" N""r",;"',,, 1560
,)r caipaln 1 resuited in significant proteolysIs of the C-terminai domaIn of both forms of the a I subunit IS assessed by immunoprecipitation with antibodies Jirected against sequences in, the C-terminal region. However. a I c I ~ was much more sensitive to degradation than a 11",1. A calpain I/calcium channel ratio of I: 150 ( /.lg of protein/ /.lg of protein I resulted in com-;llete digestion of a ic,c in 2 h but little degradation of l~ 11",1 \ Fig. I B ) . In contrast. calpain II caused little proteo1ysis of either a 11~1 or a 1 cl~ at an enzyme/channel ratio of I: 12 i /.lg of protein/ ~g of protein) under the same conditions ( Fig. 1 C) . Thus. both forms of the l~ 1 subunit are more sensitive to proteolysis by calpam 1 than caipain II. Calpain I cleaves al:!l:! specitically up to 0.05 /.lg ( Fig. 1 B) without signiticant effect on a 1",0. Therefore. further studies concentrated on the Jigestion of a 1 by calpain I under conditions in which ()nly a I cl~ is sensitive to proteolysis by this enzymẽ md identified the C-terminal domain. which differs In structure between a l:!l~ and a Il~. as the site of Jifferential proteolysis by calpain. (.) . analyzed on a 6% acrylamlde gel, and exposed to x-ray film. The percentage of a1 subunit signal was determined by densitometry of the xray film. with 100% defined as the signal for the a 1 subunit Incubated in the absence of calpaln. Time and concentration dependence of al212 proteolysis by calpain I The time course of digestion of al~12 by calpain I \vas ~xamined by western blotting after electrophoresis in a 6C;c polyacrylamide gel using an antibody specific for the C-terminal region of a 1 ~!:: [anti-CP-( 1.692-1.707)]. Calpain I almost completely digested al~l:: at ill enzyme/channel protein ratio of 1 :30 after 2 min at 25°C. with little further digestion up to 40 min ( Fig.  2A ) . The disappearance of a I ::1:: was accompanied by the appearance of an immunoreactive band at the dye front if gel electrophoresis was terminated before the Jye tront migrated otf the gel (data not shown). This signal was not due to nonspecific immunoreactivity hecause it was absent in control samples incubated for .+0 min in the absence of either calcium channel or calpain. The nature of this band was examined by analy'sis in a higher percentage acrylamide gel. Under these conditions al~l:: entered into the gel only a small distance and samples of a 1 ::I:: that appeared as a single hand in 6Cfc acrylamide gels migrated as a doublet in IOCfc acrylamide gels. The reason for this is unknown. but apparently it is an artifact of the small migration Jistance. How~ver. the us~ of a IOCfc polyacrylamidẽ~I re\'~aled that the band ~Ippearing at the dye front .lfter calpain Lii~~stion was ~--;5 kDa ( Fig. 28) and that its appearance was concurrent with the disappeartnceofal,12.
The Liepend~nc~ of (~ 1,!2 proteolysis on the concentration of calpain I is shown in Fig. -~. One microgram \)f .:alpain I Jig~stl:d nl:arly ~III th~ (r 1,1:: present in 6.-+ 11 9 of the puri ti~d channel preparation after 2 h at 25°C 0 \g:.lin the dig~stion I)f lr 1,1, W:.IS :.Iccompanied by thl pp~:.lr:.lnce 1)1 thl: .,5-kDa h:.md. with :.ill enzvme to 0 . rrotl:in ratio I)f 1'--; It) (f1g I)f protein/f1-g of protein). "l1lticient tor gl:ner:.ltion I)f this tr:.lgment ( Fig. 3. Origin of the 35-kDa proteolytic product The detection of the 35-kDa calpain digestion product by anti-CP-( 1.692- 1.707) indicates this proteolytic fragment is derived from the C-terminal region of (~1~12. To confirm this. additional studies were performed with an antibody directed against the C-terminal 17 amino acid residues of al~,2 (anti-CP-(1.857-1.873)]. In western blotting experiments an immunoreactive band was detected alter proteolysis of the cal-<.:ium channel by calpain I. which migrated in the same position as the band detected with anti-CP-( 1.692-1.707) (Fig. 4A) . This band was not detected when the same amount of calpain I was loaded on the gel in the absence of calcium channel (data not shown). These results indicate that the 35-kDa calpain I proteolytic digestion product includes the C-terminal residues ofal~,2.
Further evidence that this 35-kDa proteolytic lragment is derived from the C-terminus of a 1 ~I:! was provided by immunopreclpitating phosphorylated channel that had been digested with calpain I. Figure 48 shows that the amount of -'2p-Iabeled a I ~12 that is immunoprecipitated by anti-CP-( 1.692-1.707) decreases after incubation with calpain I. accompanied by the appearance of a 35-kDa phosphoprotein.
We have previously ,hown that under nondenaturing conditions. as used in the present study. al~,2 is phosphorylated by cAMPtfependent protein kinase primarily on serine 1854 ( Rotman et al.. 1992) . Hence. the 35-kDa phosphoprotcin immunopre'cipitated by anti-CP-( 1.692-1.707) Inust include serine I ~54. which is 20 residues from the C-terminus of (¥ 1 ~12. This result <.:ontirms that the '.- A proteolytic product includes the C-terrninus of a I "I~ . Densitometric analysis indicated that 86% of the aJ~ls ignal before cleavage ( Fig. 48. lane I) was recovered in the 35-kDa fragment and the remainder of al"12 after calpain cleavage (Fig. 48. lane 2) . The difference may represent subsequent cleavage of the 35-kDa tragment to smaller pep tides that are not visualized. Ferguson analysis of the C-tenninal calpain I proteolytic digestion product Based on its size. the 35-kDa C-terminal fragment of al:!l:! generated by calpain I digestion would be predicted to span residues 1.555- 1.873 of the a121:! amino acid sequence. Because we have previously shown that the a 1 subunits migrate anomalously in SDS-PAGE gels of different acrylamide and crosslinker concentrations < De Jongh et al.. 1991 ) . the apparent molecular mass of the C-terminal proteolytic tragment was examined in detail using Ferguson analysis < Ferguson et al .. 1964 ), This compensates tor anomalous effects of acrylamide concentration in molecular mass determinations by measurements at multiple acrylamide concentrations and extrapolation to OC;c acrylamide.
The relative mobility of the proteolytic fragment varied approximately linearly with ac~'Iamide concentration <Fig. 5A) and the extrapolated tree mobility at 0% acrylamide <0.428) was similar to that of the molecular mass standards <0.387 ::t: 0.065), By comparison with the marker proteins the molecular mass of the C-terminal proteolytic tragment generated by calpain I digestion was determined to be 37 kDa (Fig.5B) . 
DISCUSSION
The present study demonstrates that the carboxy terminal region of the full-length form of the rabbit skeletal muscle calcium channel a I subunit is sensitive to proteolysis by the calcium-activated neutral protease calpain I. The initial proteolytic fragment liberated from the C-terminus is 37 kDa. which would extend from amino acid residue - 1.535 of al:!l:! to the Cterminal residue. The results indicate that this 37-kDa tragment may. in turn. be digested by calpain I because its level remains constant under conditions in ~.hich the level of a I ~1:! i.:ontinues to decrease. Removal of a 37-kDa tragment from the C-terminus of a I ~1:! predicts the generation of a 177-kDa protein from the remainder of al:!I:!. This protein i.:annot be detected because the relatively Qigh level of a J 1"0 would obscure its signal. Alternatively. a lcl:! may be digested to a -,7-kDa protein and other peptides that are not visualized.
We have previously determined that the major. trunl:ated form of the a I subunit has its' C-terminus hetween residues 1.6X5 and 1.699 of the minor. fulllength t()rm ( De ](mgh et al.. 1991 ) . If this t()rm \vas ':!;enerated by proteolysis l)f (r I clc , a 22-kDa C-terminal tragment would be liberated. Our failure to detect SUi.:h a fragment in the present study indicates that proteolvsis of al~l~ by calpain I does not give rise to a119o. Hence. it appears unlikely that the mechanism by which a 1190 arises in membrane preparations or tissue extracts is through calpain I proteolysis. Cleavage of a 1190 by concentrations of calpain I that rapidly cleave a I ~I:! was not detected. even though the region in which the full-length form of a I is cleaved is also present in this truncated form. Although such a cleavage predicts the generation of 177-and 13-kDa tragments. a 177 -kDa fragment is too close in size to be distinguished trom a I,,/(), and smaller tragments were IlOt detected. The distinct scnsitivities of a 119() and a 1 "1" to calpain 1 cleavage may be due to difterences ill the conformation of this region in the two a I subunit t(Jrms that could conter distinct susceptibility to calpain cleavage. It has been suggested that ..:alpain may ..:leave proteins near regions ..:ontaining PEST sequences (Wang t al.. 1991) . It is proposed that these regions. enriched ill proline (P)..glutamate (E). serine (S). and threonine IT) residues. increase the local ..:alcium concentration and. in turn. activate ..:alpain. PEST regions may be identitied by computer analysis of :1 protein sequence activity of calcium channels in electrophysiological studies (Belles et al.. 1988a) . In whole-cell voltage clamp experiments, calcium currents decline progressively due to "rundown," which has been shown to depend on the intracellular calcium concentration { Chad and Eckert, 1986: Belles et al., 1988b ) . This led to the proposal that the calcium channel could be degraded by a calcium-dependent proteas~ {Chad and Eckert, 1986), Belles et al. { 1988a) showed that calcium current rundown in myocytes is accelerated by calpain and these authors as well as Romanin et al, { 1991) found that this rundown is retarded by the physiological calpain inhibitor calpastatin, suggesting that these proteins may be involved in the regulation of channel function or turnover, The biochemical studies described in the present study show that the full-length form of the calcium channel a 1 subunit is differentially sensitive to calpain digestion within its C-terminal domain and provide further evidence that this enzyme may playa critical role in regulating calcium channel function.
and assigned a PEST score that theoretically may range from -45 to + 50. Strong PEST regions have scor> 0. whereas weak PEST regions have scores between -5 and 0. Analysis of the a 1212 sequence using the PEST-FIND computer program (Rogers et al.. 1986 ) revealed two strong PEST sequences in the C-terminal region between residues 1.560-1.571 ( PEST score = 0.68) and residues 1.770-1.778 (PEST score = 7.0).
The former PEST sequence is in the region of the a I subunit that was cleaved in the present study and may be important tor calpain recognition. In skeletal muscle. direct protein-protein interaction between the L-type calcium channel and the Ca2.-release channel at transverse tubule/sarcoplasmic reticulum junctions is believed to be responsible for excitation-contraction coupling ( Adams and Beam, 1990 : Catterall. 1991 ). Gi1christ et al. ( 1992 immunolocalized calpain to this region and showed that the calcium release channel was degraded by calpain. In addition. interaction of calpain with plasma membrane phospholipids results in calpain activation and reduces the calcium requirement of the enzyme (Croall and Demartino. 1991 ). Thus. in skeletal muscle calpain is located in close proximity to the site of entry of its calcium cofactor as well as its potential substrates. the L-type calcium channel a I subunit and the Ca2. '. release channel (Gilchrist et al.. 1992) . Calpain proteolysis of either of these proteins could intert'ere with excitation-contraction coupling and it has recently been suggested (Gilchrist et al.. 1992 ) that calpain may be an important physiological effector of this process. Despite elucidation of the structure and enzymatic properties of calpain. and the identification of a wide range of protein substrates. its physiological role and structural specificity remain unclear. The demonstration that the tull-length form of the calcium channel Lr I subunit is differentially sensitive to cleavage by calpain suggests a possible mechanism tor regulation of calcium channel function. Studies of the functionul effects of cleavage with carboxypeptidase suggest an important role for the C-terminus in regulation of cardiac calcium channels by cAMP-dependent phosphorylation ( Hescheler and Trautwein. 1988) . and recent studies with purified skeletal muscle channels suggest their activation requires phosphorylation by cAMPdependent protein kinase in vitro and in intact cells ( Hymel et al.. 1988: Nunoki et al.. Il) gl): Sculptoreanu I:t al .. 191) 3). Proteolysis of Lr 1 ~12 by calpain would remove the C-terminus and with it the major site of ..:AMP-dependent phosphorylation in the a I subunit ( serine 1.~5-+: Rotman et al.. 1992) . Hence. the potential regulation of calcium channel flux through phosphorylation at serine 1.~5-+ would also be abolished. This control of calcium ..:hannei activity by calpain would be analogous to the previously described rcgulation ()t phosphorylase !>. rrotcin kinase C. and the plasma membrane Ca2 .-A TPase by calpain ( Johnson. 1990 ).
Calpain proteoly..is has heen ~hown to affect the
